A simple method for preparing highly sonoactive nano-sized bismuth vanadate (α-Bi4V2O11) was prepared by combustion technique. The prepared α-Bi4V2O11 powders were characterized by X-ray diffraction (XRD) and transmission electron microscope (TEM). High-resolution TEM images displayed well defined Braggs planes having interplaner distances (dhkl) 3.04Å and 3.12Å, which were in good agreement with the (025) at 2θ = 30.56 o and (133) at 2θ = 28.04 o planes observed in the XRD pattern of monoclinic α-phase of bismuth vanadate respectively. The ultrasonic degradation of Rhodamine B (Rh B) was studied in the absence of catalyst and in the presence of catalyst. The rate of degradation of catalyzed reaction was higher than that obtained with in the absence of the catalysts. The observed pseudo-first-order rate constant increased from 0.010 min -1 to 0.017 min -1 as the concentration of catalyst Rh B increased from 0.03 mg/ml to 0.33 mg/ml. The possible reaction mechanism of sonocatalytic degradation of Rh B over α-Bi4V2O11 has also been discussed. Thus, in this paper we have concluded that bismuth vanadate is a stable and efficient catalyst for the industrial waste-water treatment.
Introduction
Excess use of various dyes in the textile industry has led to the severe surface water and groundwater contamination due to release of toxic and colored effluents (Salem and El-Maazawi, 2000) . It is important for the sake of increasing amount, its selection and resistance to biological destruction (Fung et al., 1999; Sohrabi and Ghavamia 2008) . The photocatalytic elimination of pollutants in water and air have attracted much interest around the world ever since Fujishima and Honda announced a TiO2 photochemical electrode for splitting water in 1972 (Fujishima and Honda, 1972) . TiO2 and ZnO have been widely used as a photocatalyst for the degradation of environmental contaminants (Wang et al., 2006; Kumar et al., 2012; Kumar et al. , 2014) , because of its chemical stability, high photocatalytic activity, non-toxicity and low cost (Dimitrijevic et al., 2005) . It is known that the photocatalytic performance in the presence of nanosized TiO2 powder is very effective (Augugliaro et al., 1988) . Recently, Zhu and co-workers (Zhao and Zhu, 2006) observed synergetic degradation of Rh B on a porous ZnWO4 film electrode between electrochemical oxidation and photocatalysis under UV light, while Li et al. (2007) had studied the degradation of Rh B by a photo-electrochemical process using a Bi2WO6 nanoplate film electrode using the white exposure for excitation. Photocatalytic degradation of Rh B that was carried out using TiO2 supported on activated carbon (TiO2-AC) under microwave irradiation. α-Bi4V2O11 had been used as a photocatalyst for the degradation of methylene blue (MB), because its absorption edge lies within visible range of 650 to 575 nm (~1.96 to 1.68 eV) (Kumar et al., 2013; Zhong et al. 2009 ).
As mentioned above, in most of the cases of photocatalysis, we need ultraviolet light (visible light is also used but rarely) to induce catalysis, which costs lot of energy. Furthermore photocatalysis is not suitable for the treatment of non-or low-transparent organic wastewater. Due to the large numbers of aromatic compounds present in many dye molecules and stability of modern organic dye, sometimes the conventional photocatalytic degradation methods are ineffective for decolourisation and mineralization. In addition, the utilization efficiency of ultraviolet light is also low due to the effect of UV-screening of catalysts.
To resolve above problems, the sonocatalytic degradation method can be adopted. Additionally, the typical ultrasound decomposition of toxic organics is 10,000 times faster than natural aerobic oxidation. Ultrasound can be used alone or in conjunction with other techniques such as photocatalytic, biological catalytic, and inorganic catalytic as well as other methods (Lin et al., 1996) . The various affecting factors were examined on sonocatalytic degradation of RhB in the presence of ZnO, TiO2, composite TiO2/SiO2 and composite TiO2/ZnO powders Wang et al., 2009) . They suggested that semiconductors like TiO2 and ZnO show photocatalytic as well as sonocatalytic activity. In recent years, various research groups (Kubo et al., 2005) have demonstrated that sonocatalytic degradation as a novel technique for treating wastewater and organic pollutants. They have used the ultrasonic irradiation as the excitation energy instead of ultraviolet light irradiation.
In the present work, we synthesized α-Bi4V2O11 and evaluated the sonocatalytic activities for the decomposition of the common pollutants such as Rh B solution under ultrasonic irradiation. This method overcomes the above-mentioned disadvantages. As known to all, the chemical effects of ultrasound result primarily from acoustic cavitation, namely, the formation, growth, and implosive collapse of air bubbles in liquids (Suslick, 1988) . Acoustic cavitation generates many 'hot-spots' of high temperatures locally and persists for short period of time, which give rise to the sonolysis of H2O molecules, producing radical species, ( • H, • OH, • OOH, etc.) which are responsible for the direct destruction of solute (Petrier et al., 1994) . In the present study, ultrasound is used instead of ultraviolet light as a kind of excitation energy source for the degradation of organic pollutant (Rh B) in the presence of α-Bi4V2O11 catalyst.
It has been found that Bismuth vanadate with monoclinic scheelite structure shows catalytic properties for water splitting and the degradation of dye pollutant. Bismuth vanadate shows three main phases α (monoclinic, a ≈ 5.533, b ≈ 5.611 and c ≈ 15.288 Å), β (orthorhombic, a ≈ 11.06, b ≈ 5.61, c ≈ 15.28 Å) and γ (tetragonal, space group 14/mmm, a ≈ 3.92, c ≈ 15.5Å) corresponding to the phase temperatures ≈ 450 o C, 570 o C and 890 o C, respectively (Abraham et al., 1988) . Bi4V2O11 structurally belongs to a layered Aurivillius-type of compounds with intrinsic vacancies in the perovskite-like slabs (VO3.5□0.5) 2-(where □ represents an oxide ion vacancy) sandwiched between bismuthate (Bi2O2) 2+ layers. Usually most of the yellow pigments are toxic in nature since they contain cadmium. But bismuth vanadate is non-toxic in nature. The high performance is a result of their brilliant clean, greenish-yellow shade, very high opacity and color strength. These vanadates also display an excellent price to performance ratio and a high durability, compared to competing organic pigments. Among them Bi4V2O11 has been considered as very interesting. Properties of Bi4V2O11 such as ferroelasticity and ion conduction have also attracted attention (Castro et al., 2000) . These properties are strongly dependent on the crystal structure, which can be the tetragonal zircon structure, the monoclinic scheelite structure or the tetragonal scheelite structure. In general, conventional solid-state reaction between oxides, followed by ball or attrition milling to reduce the particle size, has been used to prepare BIMEVOX powders. Overall, it is a timeconsuming method and requires high temperature (>800 0 C). Sol-gel (Pell et al., 1995) , coprecipitation (Bhattacharya and Mallick, 1994) , monomode microwave (Gasgnier et al., 2000) and mechanically activated techniques have all been reported to achieve small particle-size material. Small particle size also has advantage in catalytic process due to their large surface area. In this study we have used, an important dye, Rh B which is also known as 9-(2-carboxyphyenyl)-6-diethylamino-3-xanthenylidene-diethylammonium chloride (molecular formula C28H31ClN2O3 and molecular weight 479.01). Molecular structure of Rh B is as shown in Fig. 1 . The lasing efficiency of this dye is very high and the chemical stability is fairly good. This dye is also being used in the textile industries and comes out as pollutant in the waste-water.
Experimental
In the present work, starting materials, i.e. Bismuth nitrate (Bi(NO3)3.5H2O), vanadium oxide (V2O5) and glycine (NH2CH2COOH) were used, without further purification. The Rh B dye was purchased from Exiton, USA. Stoichiometric composition of bismuth nitrate, vanadium oxide and glycine were chosen according to total oxidizing (O) and reducing (F) valencies of the components such that the equivalence ratio is unity (O/F = 1), so that energy released is sufficient for the combustion process (Jain et al., 1981) . Bismuth nitrate and vanadium oxide were mixed in the agate mortar in a minimum amount of ethanol for 6 h to get the homogenous mixture at molecular level. The mixture was then kept in a vacuum oven at 100 o C overnight to remove the excess amount of water, the yellow colored powder so obtained was then mixed with glycine according to O/F = 1 using mortar and pestle. The resulting powder was transferred into a glass bowl and ignited at 300 o C. Initially, the paste melts and undergoes dehydration followed by decomposition with the evolution of large amounts of gases (oxides of carbon and nitrogen). The mixture then frothed and swelled forming a form, which ruptured with a flame and glowed to incandescence. The entire process is over in just 5 minutes and yielding brownish-yellow foam. Bismuth vanadate nanoparticles thus obtained were then annealed at 400 o C for 2 h in air to get better crystallinity and to be free it from any organic contamination. The crystal structure of Bi4V2O11 nanoparticles were characterized by X-ray diffraction (XRD) technique, using Cu Kα radiation (λ= 1.54056 Å) on "Bruker D8" X-ray diffractometer. The Transmission electron microscopy (TEM) images and selected area electron diffraction (SAED) pattern were taken on a Tecnai (300 kV), FEI, Holland. Ltd., India of fixed frequency (40 kHz) was used as source of ultrasound. The input power of the sonicator was 150 W. The dimension of the bath was 10 cm x 8 cm x 6 cm. A 500 mL standard flask was used as a reactor vessel. The reactor volume was taken as 100 mL (dye solution of known concentration was taken). The vessel was immersed into the bath in such a way that the reactant solution was completely immersed into the aqueous bath media. The required quantity of bismuth vanadate was added into the dye solution. The whole system was kept in dark to avoid any effect of outside light. Prior to the irradiation, the suspension of the catalyst and dye solution was stirred in the dark for 30-60 min so as to reach the equilibrium adsorption. Each time a new sample of the dye solution and the catalyst was taken for ultrasonic irradiation while doing the experiment for different concentrations or time intervals. The catalytic activity was studied by quenching of PL emission spectra recorded on a Cary Eclipse Fluorescence Spectrophotometer (Varian make).
The sonocatalytic activities of the bismuth vanadate were evaluated by the sonocatalytic degradation of Rh B in an aqueous solution. 5x10 -4 N stock solution in de-ionized doubled distilled water was prepared by dissolving the appropriate amount of Rh B dye. The dye solution concentration was kept as low as 5x10 −4 N to avoid any self-quenching or the inner filter effect. For studying the sonocatalytic effect of bismuth vanadate on Rh B, 0.33 gram of bismuth vanadate was added into 1 L solution of Rh B. The catalytic effect of bismuth vanadate on the dye was studied for different time periods and for the different catalyst concentrations. After ultrasonic irradiation (for different times or for a fixed time and different catalyst concentration), fluorescence spectra was taken to monitor the degradation of the Rh B dye solution. 3 ml of the irradiated solution was taken in a quartz cuvette for recording the fluorescence spectrum. The fluorescence spectrum of virgin dye solution was also taken for reference. The observed quenching (decrease in the intensity of fluorescence) with irradiation time was a clear indication of the degradation of dye solution with and without catalyst. For studying concentration effect, different amount of the catalyst (bismuth vanadate) was added gradually (upto 1.67 mg per mL of Rh B solution), taking the fresh dye solution each time before irradiating it for 1 minute. Fluorescence spectra have been recorded each time to see the effect.
Results and Discussion

Sample characterization
XRD pattern of Bi4V2O11 (annealed at 400 °C for 2 h) was recorded on the XRD machine. The diffractograms was recorded with the speed of 1°/min from 10° to 60° in 2θ. The XRD pattern was later matched with available data in the literature (ICSD # 075574), which exhibits in monoclinic phase. The average grain size of the nanoparticles was estimated using full width at half maxima (FWHM) from the line broadening of the XRD peaks (Fig. 3) . The crystal structure of the material is also given in the inset. Assuming the particles are stress free, the size can be estimated from a single diffraction peak using Scherrer's formula: TEM images and SAED pattern were taken on a TEM machine (300 kV) using carbon coated copper grids. The sample for TEM was prepared by drop casting technique by dispersing the nano-sized Bi4V2O11 particles in ethanol with concentration approximately 0.1 mg powder in 1 ml of anhydrous ethanol. Fig. 4(a) shows that the nano-sized Bi4V2O11 powder annealed at 400 °C for 2 h and observed the nanometer scale particles with the size of the order of 20-25 nm. Fig. 4(b) shows the selected area electron diffraction (SAED) pattern obtained from bismuth vanadate particles. The SAED pattern of this sample exhibits polycrystalline diffraction rings, which can be indexed to monoclinic-phase, indicating that these nanoparticles are crystalline. The HRTEM photograph is shown in Fig. 4 (a') where equally spaced and aligned planes are also clearly seen. HRTEM shows the interplaner distances (dhkl) are 3.04Å, 3.12Å which matches with (025) at 2θ = 30.56° and (133) at 2θ = 28.04° from XRD pattern of monoclinic α-phase of bismuth vanadate, respectively. This also confirms that the material is in single phase. The fast Fourier transforms (FFTs) corresponding to the HRTEM is also given to determine the interplaner distance (dhkl) in Fig. 4 (b') and 4 (c'). Fig. 5 shows the time dependent study of Rh B dye solution with Bi4V2O11 as a catalyst under ultrasonic irradiation. The PL spectra of Rh B in the presence of bismuth vanadate catalyst were examined using a Cary Eclipse Fluorescence Spectrophotometer (Varian make). The aqueous Rh B solution has the maximum peak intensity (emission wavelength) at around 617 nm, and in the presence of Bi4V2O11 catalyst, the PL intensity decreased, suggesting the adsorption of Rh B occurs in the dark. Further decrease in the PL intensity of Rh B occurred after ultrasonic irradiation. The PL excitation peak appears at 332 nm which was also confirmed by the UV-visible absorption spectra while the emission peak (for Ex = 332 nm) appears at 617 nm. It was found that the intensity of the excitation (332 nm) and that of the emission (617 nm) peaks of Rh B dye solution decreased under ultrasonic irradiation in the presence of Bi4V2O11 (catalyst) powder as well as absence of catalyst with the sonication time increasing. The Rh B concentration and that of the catalyst was kept constant each time for time dependent study, which indicates that the catalytic reactions under ultrasonic irradiation were responsible for degradation the dye. It was also found that the characteristic excitation as well as emission peaks of Rh B get shifted from its initial positions (617-612 nm). This hypsochromic shift process is an N-deethylation process that indicates the formation of some intermediates during the degradation process (Modirshahla and Behnajady, 2006) . 
Sonocatalytic degradation of Rh B
Mechanism of sonocatalytic degradation
Sonocatalytic degradation of Rh B in the absence of catalyst was first studied in order to observe the self-degradation effect on ultrasonic irradiation alone. Without catalyst, the removal of Rh B was merely about 30%, within 180 min of ultrasonic irradiation (as shown in Fig. 6 ). Ultrasonic waves, which are longitudinal and on passing through a liquid medium produce its effects via cavitational bubbles. Formation and behaviour of the bubble of cavitations upon the propagation of the acoustic wave in the liquid constitute the essential events that induce the sonochemical effects. The transient cavities in the bubbles, produced using ultrasonic irradiation, exist briefly, expanding to at least double their initial size before violently collapsing into smaller bubbles. The collapse of these bubbles can yield local pressures of hundreds of atmospheres and temperatures of thousands of degrees resulting in solute thermolysis. When water was sonicated, • H and • OH were produced. A simple mechanism for radical formation and depletion (Equations 2-5), during sonication of water is given below (Suslick et al., 1988) .
However, due to short lifetime of the •OH radicals, the chance for the dye compound to be attacked by the radicals is lower. Moreover, in the absence of catalyst, there is less production of free radicals (Zhou et al., 2006) . Thus, the degradation of Rh B without the presence of catalyst could not attain high efficiency. Study on the removal of Rh B was then conducted using pure α-Bi4V2O11 in conjunction with ultrasonic irradiation to degrade Rh B. The dye removal by pure α-Bi4V2O11 could achieve up to 87% (for 0.03 mg/3mL) within 180 min and the improvement was ascribed to the combination of ultrasonic irradiation and α-Bi4V2O11 particles that led to the enhancement in the production of •OH radicals. The production of these active radicals was deemed to obey two simultaneous mechanisms which were homogeneous (without catalyst) and heterogeneous (with catalyst) processes (Equations 6-9). Also, as mentioned earlier, in the absence of catalyst, the controlling mechanism would just be homogeneous process which produces less number of free radicals. The presence of a heterogeneous catalyst could increase the rate for formation of cavitation bubbles by providing additional nuclei to subsequently increase the decomposition of H2O molecules (Tai et al., 2010) .
(9) The ultrasonic irradiation induces radicals in the material, which were relevant to the electronic structure feature, were recognized as the key factors in determining its sonocatalytic activity (Tong et al., 2008) . The electrons in Bi4V2O11 valence band are excited and transfer to conduction band under ultrasonic irradiation. Then the oxidative species •OH and sonogenerated holes form and decompose the organic compounds. The small crystal size allows for the more efficient transfer of radicals, generated inside the crystal, to the surface, and the abundant crystal planes enhance the separation efficiency of the radicals, thus all of which improve the sonocatalytic activity of Bi4V2O11 under ultrasonic irradiation (Neppolian et al., 2002) . Since Bi4V2O11 particles are highly crystalline and have small grain size with large surface to volume ratio. Thus brings forward material with better sonocatalytic performance that can be attributed to the following factors:
(1) The large surface area provides more active sites for the degradation reaction of Rh B in aqueous solution.
(2) The small particle size minimized the sites for the recombination of electron-hole pairs and permits their more efficient transfer to the surface to degrade the absorbed Rh B molecules. (3) The already existing oxygen vacancies and related defects help in generating more electronhole pairs and active sites. (4) In addition, the highly crystalline structure suppresses the recombination process of sonogenerated electron-hole pairs.
(5) On the other hand, under ultrasonic irradiation produced 'hot spots' lead to the localized temperatures high as 5000 K (Jimmy et al., 2002) . Such a high temperature is sufficient to produce the cavities and recombine with radicals which degrade the Rh B dye solution.
The adsorption of hydroxide ions on the Bi4V2O11 surface allows the oxidation of the ions by direct reaction with the holes (h + ) already present and also generated due to cavitation (Joubert et al., 1994) . As a byproduct of this reaction, the hydroxyl radical (•OH) is formed and it subsequently acts as an oxidant of organic molecules adsorbed on the surface of the sonocatalyst. In this sense, hydroxide ions act as an efficient trap of the holes sonogenerated as products of the charge separation induced by ultrasonic irradiation in the Bi4V2O11. In the same way, this mechanism is also favored by the presence of the dissolved O2. Both, the N-deethylation and the degradation of Rh B chromophore structure take place under sonolysis. Fig. 7 indicates that during the sonolysis of Rh B, N-deethylation (pathway 2) and cleavage of aromatic chromophore ring structure (pathway 1), but decomposition of aromatic structure is predominant (Behnajady et al., 2008) . Rh B on sonication may follow the path 1 to form four N-deethylated intermediates namely, N,N-diethyl-N ′ -ethylrhodamine (DER), N,Ndiethylrhodamine (DR), N-ethylrhodamine (ER), and rhodamine (R) that further degrade to form cleavage chromophores, i.e. 2,6-dimethylphenol, benzoic acid, pyrocatechol, isoindoline-1,3-dione, 4-(methoxycarbonyl) benzoic acid, 2-(methoxycarbonyl) benzoic acid, phthalic acid, isophthalic acid, terephthalic acid, 2,4,6-trihydroxybenzoic acid, dibutyl phthalate which further degrade to smaller molecules to form ethane-1,2-diol, 2-hydroxypropanoic acid, butane-1,3-diol, 4-oxopentanoic acid, propane-1,2,3-triol, glutaric acid and adipic acid after cleavage (opening) of the aromatic ring(s). The dye on sonication may also follow the path 1 to form the above mentioned cleave chromophores directly and further degrade to smaller molecules. These compounds were further degraded into smaller compounds. Then the small molecules further mineralized to form CO2 and H2O (Yu et al., 2009 ). From the above results Bi4V2O11 is found to be a good catalyst for the degradation of organic dye Rh B and it may be used for monitoring/purification of the waste water in textile industries. Kinetic studies were also conducted for the four different reaction systems, i.e., ultrasonic alone and ultrasonic with catalyst. The correlation between ln(Co/Ct) versus irradiation time (where Co and Ct are the initial concentration and the concentration after time t) for all of these systems were then established. Fig. 8 shows that all four systems obeyed pseudo-first order kinetics with correlation coefficients (R2) higher than 0.8. The values of the apparent rate constant (k) were obtained from the slope of the linear lines and tabulated in Table 1 for each of the system. The highest value of (k) at 0.017 min -1 was shown by the ultrasonic for the catalyst (1.0 mg) system. Thus, it was correctly concluded by the kinetic study that this combination could offer higher degradation efficiency of Rh B in the water. 
Conclusion
In summary, highly crystalline Bi4V2O11 particles have been synthesized by a combustion method.
The results indicate that the Bi4V2O11 sample in monoclinic phase and consist of layered Aurivilliustype particles. HRTEM study shows the peak at 2θ = 28.04 correspond to interplaner distance (dhkl) 3.12Å which is matching with (hkl) plane (133). The degradation of Rh B under ultrasonic irradiation in the presence of bismuth vanadate powder was detected by fluorescence spectra. Meanwhile, factors such as ultrasonic irradiation time and amount of added catalyst were also reviewed. The percent degradation of Rh B dye increases with the increase of ultrasonic irradiation time. The kinetic studies revealed that, all four systems followed a pseudo-first order kinetic with the highest k value was obtained with a combination of sonocatalysis and catalyst (1.0 mg) system. It is concluded that the bismuth vanadate catalyst is a stable and efficient catalyst for industrial wastewater treatment. 
